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ABSTRACT

The potential of hadron colliders to explore the physics of CP violation in B decays
is discussed.

B physics experiments which have hopes of achieving enough sensitivity
to observe and study CP violation and the related topic of Bs mixing are being
constructed at several locations: at new asymmetric energy e+e� colliders at SLAC 1)

and KEK 2); at the existing symmetric energy e+e� collider 3), CESR, at Cornell; at
a novel �xed target experiment using the proton beam halo at HERA, the HERA-B
experiment 4); and in �p� p experiments using upgraded versions of the two `general
purpose' detectors, CDF 5) and D0 6), at the Fermilab Tevatron. This may truly be
characterized as a `world-wide' e�ort.

All of the experiments mentioned above are quite limited in their statistical
precision and some are also quite narrow in scope. While these experiments are likely
to begin the study of CP violation, there are many reasons to believe that they will
not answer all of the questions we have about the B system or about CP violation
(even taken together with what is being learned in the kaon system) because

� B physics is a multifaceted topic which is more than just CP violation. It
includes study of heavy quark symmetries, hadrons containing more than one
heavy quark, e.g. b�c, and the search for decays which are rare or forbidden in
the Standard Model(SM);

� CP violation is a `complex' phenomenon which will not be easily explored by
a few measurements both because of experimental di�culties and theoretical
ambiguities. It will require a comprehensive attack from many directions;

� It is hoped that even if the SM explanation of CP violation is borne out, very
detailed studies may turn up deviations which would indicate physics beyond



the Standard Model. In fact, �nding physics outside the Standard Model
should the ultimate goal of this program!

The purpose of this paper is to discuss future dedicated experiments at
hadron colliders which have the potential to achieve much higher precision and
address a much wider range of topics than the experiments now running or under
construction. For these experiments to be successful, they must solve many di�cult
problems which are discussed in some detail.

The outline of the paper is as follows:

� Review of the physics;

� What has to be measured and with what accuracy;

� The place of future hadron collider B experiments in the worldwide e�ort to
study the b-quark;

� Challenges for a successful hadron collider experiment:

1. key issues/technologies;

2. cross sections and event characteristics in various kinematic regions and
their impact on experimental design;

� Studies of central and forward geometries;

� Tagging schemes;

� Triggering schemes; and

� Prospects for the future.

1 A Brief Review of CP Violation in B Hadrons

CP violation in weak decays can come about in several ways, but in the Standard
Model with three generations of quarks and leptons, it has a very natural explanation
which does not require one to invoke any new interactions or particles 7). The quark
mixing matrix contains 4 parameters one of which is a `weak phase'. The weak
phase means that some CKM matrix elements have non-zero imaginary parts. It is
the weak phase or, alternatively, the imaginary parts of the CKM matrix elements
which produces the CP violation in B decays through interference e�ects.

The CKM Matrix is shown here in the Wolfenstein representation, to order
�3 (� = 0:22, the sine of the usual Cabibbo angle):
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We refer to elements of this matrix as Vq1q2 where q1 is a charge 2/3 quark
label (u; c; t) and q2 is a charge 1/3 quark label (d; s; b). It is the nonzero value of
the parameter � which is responsible for CP violation within the Standard Model.

CP violation can be manifested by a di�erence of the decays of a parti-
cle into some �nal state and its anti-particle into the CP conjugate state. This
asymmetry comes from interference e�ects between (at least) two amplitudes which
contribute to the decay. The observation of asymmetries of this kind is the simplest
way to observe CP violation.

If we have a process described by an amplitude A and its CP conjugate
process described by amplitude �A, then a CP asymmetry is de�ned by

Asym =
j �Aj2 � jAj2
j �Aj2 + jAj2 (1)

The CKM matrix elements transform as the complex conjugate under a
CP transformation.

In order to have a non-zero asymmetry, we must have the following condi-
tions:

� there must be at least two processes that contribute to the amplitude A.

� In addition, Amust have a SECOND phase, besides the CKM phase, that does
not change its sign under a CP transformation so that destructive interference
can take place in one process and constructive interference can take place in
the CP-transformed process, thus giving the asymmetry.

Two scenarios for producing these asymmetries have been identi�ed which
give rise to two kinds of CP violation, named `Direct CP violation' and `Indirect
CP violation'1, respectively. (An example of a CP violating e�ect which may not
appear as an asymmetry but can be detected by comparing several di�erent rates
is also discussed below.)

In each scenario, the amplitude A may be written as:

A = g1M1 e
i�1 + g2M2 e

i�2 (2-a)

and the corresponding amplitude �A for the CP-conjugate process is written as:

�A = g�1M1 e
i�1 + g�2M2 e

i�2 (2-b)

Here M1 and M2 are the matrix elements of the transition with all phases
factored out. g1 and g2 are functions of the CKM matrix elements and �1 and �2
are the second set of phases { the ones that don't change under CP transformation.
They will be identi�ed below.

1For the purposes of this article, any CP-violating e�ect that depends on B mixing is called

`indirect CP violation'. It is possible to make other classi�cations of CP-violating e�ects and

in some of them, `indirect' may be used to refer to only some of the processes included in this

de�nition.



It is easy to see that these amplitudes give rise to an asymmetry:

Asym / IM(g�1g2) sin(�1 � �2)M1M2 (3)

Since strong interactions exhibit CP invariance to a high degree, one sce-
nario identi�es the �'s with a strong phase shifts from the �nal state interactions of
the hadrons in the decay. The asymmetry arising from the interference between the
strong and weak phases is called `Direct CP violation'.

Direct CP violation manifests itself by a di�erence in the partial decay
width of a particle into a given �nal state and the partial decay width of the corre-
sponding anti-particle into the CP conjugate state.

Each weak decay amplitude, at tree level, always involves a product of two
CKM matrix elements. The asymmetry will involve the imaginary part of products
of 4 CKM matrix elements, two from each amplitude:

IM(V �
iQ
VjkV

�
jQ
Vik)

for the quark level decay of a heavy charge 1/3 quark Q into lighter quarks i, j, and
k.

While there are several such products which enter the various decays of B
hadrons, the unitarity of the CKM matrix turns out to ensure that they all have
the same magnitude. In fact, these products correspond to the areas of the various
unitarity triangles, described below.

Figure 1 shows an example of a decay that is expected to show a relatively
large direct CP asymmetry. The two diagrams are

1. a spectator decay and

2. a `penguin' or `loop' diagram.

The CKM matrix element product involved here is

IM (V �
tb
VtsV

�
ub
Vus)

To have a large interference e�ect, one should have two amplitudes of roughly the
same size. The penguin diagram is expected to be suppressed by a factor �s(mb)=4�
which is associated with the gluon emission. However, in some cases such as this,
the amplitudes could turn out to be similar in magnitude for the two diagrams
because the spectator decay is CKM suppressed by jV �

ub
Vusj while the penguins are

suppressed by less { jV �
tb
Vtsj and jV �

cb
Vcsj.

The interplay between the strong and weak interactions is quite subtle.
The penguin operator changes a b-quark to an s-quark. Both have isospin zero.
Also, the isospin must be conserved in the gluon emission from the t-quark and in
the gluon's subsequent splitting into quarks since the strong interactions conserve
isospin. Thus, the penguin operator does not change the isospin and this diagram
contributes only to the formation of an I = 1=2 �nal state. On the other hand,
the spectator diagram contributes to both the I = 1=2 and I = 3=2 amplitudes
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Figure 1: Example of Direct CP Violation: B� ! K��0 or B� ! K��0. The two
weak diagrams shown are a) the spectator decay and b) penguin or loop decay.
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Figure 2: Interplay of weak decay diagrams and strong isospin amplitudes in Direct
CP Violation.

in a ratio that cannot be reliably calculated by theory. After the weak decay, the
two �nal isospin states undergo strong interactions and their amplitudes acquire
additional (CP-invariant) phase shifts: �I=1=2 and �I=3=2. These two phase shifts
correspond to the �1 and �2 in the CP formalism shown above. The weak phases
are obviously complicated because both the penguin and the spectator contribute
to the I = 1=2 amplitude so g1 in the formalism above is really a function of both
VubV

�
us

and VtbV �
ts
. The phase �2 in the formalism may be identi�ed as the I = 3=2

phase shift and then the weak phase g2 is produced only by the spectator decay
VubV

�
us
. This is shown schematically in �gure 2.

Some properties of direct CP violation are:

� The quantum number associated with the Heavy Quark changes by one unit
in the decay: i.e. j�Bj=1 (or j�Sj=1, j�Cj=1 in the case of strangeness or
charm decays, respectively);



� The proper time distribution of the decays follows the simple exponential
decay law with the lifetime of the parent. (The total widths of the particle
and anti-particle must be equal by CPT invariance which is assumed valid.)
The asymmetry is constant independent of proper time and there is always a
time-integrated asymmetry;

� Neutral meson, charged meson, and baryon decays may manifest this kind of
asymmetry;

� Many of the decays are self-tagging through 
avor speci�c �nal states. (Self-
tagging means that some 
avor quantum number of the �nal state determines
whether the initial state contains a heavy quark or heavy anti-quark. A good
example of the use and approximate nature of this term is seen in charm decays.
The K� decay mode would be considered a self-tagging mode for Do and �Do

since the K��+ mode `almost always' signi�es decay of a Do and the K+��

mode `almost always' signi�es the decay of �Do. It is also an `approximate'

avor tag in the sense that Double Cabibbo Suppressed Decays could cause
this identi�cation to be in error at the few tenths of a percent level.);

� Since the product of the 4 CKM matrix elements which is involved in CP
violation must contain at least some very small CKM matrix elements, the
numerator of the asymmetry expression must be small. One way to look
at this is that, in the Wolfenstein representation, the product must contain
either Vub or Vtd, which carry the parameter �, and both of these are of order
�3 and therefore small. Since the denominator is proportional to the branching
fraction of the decay mode, it follows that large asymmetries must exist only
in states with small branching fractions. This is a fundamental conspiracy
which makes detection of CP violation di�cult and requires high luminosity
experiments. Similar conspiracies apply to CP studies in all other scenarios;

� Since the asymmetry involves a product of CKM phases and the sine of a strong
phase di�erence, one can only arrive at the CKM phases if one can separate
out the strong interaction e�ects for which there is no entirely proven theory.
This makes the interpretation of this phenomenon uncertain and therefore
politically incorrect. It is also possible that the strong phase shifts will be
small so that this kind of CP violation will be heavily suppressed. The issue
of how to deal with the strong phase shifts is discussed further below.

A second scenario, shown schematically in �gure 3 involves the phenomenon
of mixing in the neutral mesons and therefore applies only to Bo and Bs. It is called
`indirect CP violation'. This scenario occurs for decays where a neutral B meson
can decay to a state f and also to the CP conjugate of f , �f . Then the �B meson can
also decay to �f and f .There are two ways to get the �nal state f from the original
B-meson. It can decay directly to the �nal state f or it can mix into a �B and the
�B can decay into the �nal state f . The CP conjugate decay involves the �B meson
decaying into �f again by the corresponding two paths.
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Figure 3: Interference e�ect between a direct decay and a mixing process followed
by a decay to the same �nal state.

The formula for B � �B mixing is given by the Pais- Treiman formula 8):

jBo(t) >= g+(t)jBo(t = 0) > +
q

p
g�(t)j �Bo(t = 0) > (4-a)

and
j �Bo(t) >=

p

q
g�(t)jBo(t = 0) > + g+(t)j �Bo(t = 0) > (4-b)

where

g� =
1

2
expf�1

2
�1tg expfim1tg[1 � expf�1

2
��tg expfi�mtg] (5)

where �� = �1 � �2, �M = m2 �m1, and
q

p
= 1���

1+��
. Here m1 and �1 are the mass

and width of the lower mass eigenstate of the neutral B meson, B1. m2 and �2
are the mass and width of the higher mass eigenstate, B2. p and q relate the mass
eigenstates to the CP conjugate states B and �B as follows:

B1 = pjB > + qj �B > (6-a)

B2 = pjB > � qj �B > (6-b)

Since the individual amplitudes are time-dependent, the asymmetry will also be
time-dependent.

The �nal state may be 
avor-speci�c or 
avor non-speci�c. In the former
case, the B hadron and the �B-hadron must be able to decay into both the state and
its CP conjugate. In this case, it is di�cult to arrange for the two decay amplitudes,
B ! f and �B ! f , to be comparable. An example of such a 
avor speci�c �nal
state is D��+. Here Bo ! D��+ is proportional to V �

cb
Vud while �Bo ! D��+ goes

like V �
ub
Vcd, which is much smaller. The asymmetry caused by interference of a big

amplitude and a small one will be quite small. In the case of 
avor non-speci�c
decays, the situation is more favorable, especially if the decays are CP eigenstates,
such as Bo ! �+�� or  Ks. If, in addition, the decays are dominated by one
weak phase, then the two amplitudes are equal in magnitude and large interference
e�ects are possible. This is true for  Ks. Although the �+�� �nal state can receive
contributions from penguins, there is reason to believe that the rates of Bo and �Bo

into �+�� are also approximately equal. Specializing to a decay to a non-
avor
speci�c state, one gets

< f jBo(t) >= g+(t)A(f) +
q

p
g�(t) �A(f); (7-a)



< f j �Bo(t) >= g+(t) �A(f) +
p

q
g�(t)A(f): (7-b)

where A(f) is the amplitude for Bo to decay to the state f and �A(f) is the amplitude
for �Bo to decay to f .

The similarity of this expression to the general one we wrote down for
asymmetries should be obvious. The piece whose phase doesn't change under CP
transformation comes from the time dependent amplitude of mixing. The weak
phase, which changes sign under CP transformation, is present in the terms q

p

�A(f).
For the 
avor non-speci�c case, these equations lead to the result for the

amplitude squared:

G = jA(f)j2 e��t [1 + ACPV sin(�mt)] (8-a)
�G = jA(f)j2 e��t [1 � ACPV sin(�mt)] (8-b)

where

ACPV = Imfq
p

�A(f)

A(f)
g (9)

It is worth noting immediately that ACPV is the amplitude of a sinusoid, not the
total asymmetry, which is obtained by subtracting equations 8-a and 8-b and in-
tegrating and then dividing this by the integral of the sum of equations 8-a and
8-b.

Since sin(�mt) is equal to sin(m2t � m1t), it can be seen that there is a
direct analogy between the phase shifts � that appear in the discussion of direct CP
violation above and the `mixing-induced' phase shifts that appear in the discussion
here.

The equation above can be written in terms of the familiar mixing param-

eter xq =
�M�bq

��bq
(q is d or s for Bd or Bs, respectively) and the time of the decay, � ,

given in units of the parent particle's lifetime, 1=��bq.

G = jA(f)j2 e�� [1 + ACPV sin(xq� )] (10-a)
�G = jA(f)j2 e�� [1 � ACPV sin(xq� )] (10-b)

For  Ks, A(f) will be proportional to V �
cb
Vcs and for �+�� it will be pro-

portional to V �
ub
Vud.

The quantity q

p
comes from the imaginary part of the box diagram, shown

in �gure 4, whose real part is responsible for B � �B mixing. For B mesons, this
parameter is expected to have an amplitude which is about one. However, in this

mixing scenario, there can be a large asymmetry even if both q

p
and

�A(f)

A(f)
are close

to one in magnitude provided they have a large relative phase. The q

p
parameter

from this diagram is proportional to the CKM matrix elements
V
�

tb
Vtd

VtbV
�

td

or to (V �
tb
Vtd)2

in the case of Bo mixing and to (V �
tb
Vts)2 in the case of Bs mixing.
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Figure 4: Box diagram showing B � �B mixing

Then for  Ks,
�A
A
= V �

csVcb

VcsV
�

cb

. There is an additional weak phase
V �

cd
Vcs

VcdV
�

cs
, which

comes from the mixing phase of the Ks, which is determined by a box diagram with
a charmed quark. This gives, �nally:

ACPV / (V �
tb
Vtd)

2(V �
cb
Vcd)

2 (11)

while for �+��,
�A
A
=

V
�

ud
Vub

VudV
�

ub

:

ACPV / (V �
tb
Vtd)

2(V �
ub
Vud)

2: (12)

These relations are frequently represented by the `unitarity triangle' of
which there are actually 6 distinct ones. These are obtained by imposing the uni-
tarity conditions on the CKM matrix. One such relation is

VubV
�
ud

+ VcbV
�
cd

+ VtbV
�
td

= 0: (13)

If these matrix elements are represented in the Wolfenstein parameterization, then
the unitarity equation describes a triangle in the �� � plane, as shown in �gure 5.
To get this triangle, equation 13 is divided through by VcbV �

cd
and that side is plotted

on the x-axis. It therefore has magnitude 1. One side goes through the origin and
is proportional to Vub. The other side starts at the coordinate (1; 0) and, because it
represents V �

tb
Vtd, its length is determined by Bo mixing.

The angle � gives the relative phase between V �
tb
Vtd and V �

bc
Vcd and the angle

� gives the phase V �
tb
Vtd and V �

ub
Vud. Thus, the asymmetries ACPV in equations 11

and 12 can be shown to be equal to sin 2� and sin 2� where the factor of 2 comes from
the dependence of the mixing diagram on squares of CKM parameters. Similarly,
direct CP violation will depend on sin�, sin�, or sin 
, i.e. no factor of 2.

It is easy to relate the sines of the CKM angles to the parameters � and �:

sin 2� =
2�(� � �2 � �2)

(�2 + �2)(�2 + (1� �)2)
(14-a)

sin 2� =
2� (1 � �)

(�2 + (1 � �)2)
(14-b)

sin 
 =
�p

�2 + �2
(14-c)

The main properties of `indirect' CP violation are:



Figure 5: Unitarity triangle showing existing constraints on � and �

� that only decays of neutral mesons are involved, since mixing must occur;

� the weak operator that changes the quantum number associated with the
Heavy Quark by two units must be involved. For B decays, that is the �B = 2
operator. If the mixing is described by a box diagram (short range e�ects),
then its strength will depend on squares of products of CKM matrix elements
such as (V �

tb
Vtd)2;

� the time dependence of the decay departs from a pure exponential and is di�er-
ent for the particle and anti-particle. The asymmetry itself is time dependent;

� the experimental observation of an asymmetry depends on the ability to `tag'
the initial production, that is to identify whether each decay originated from a
`produced' Mo or �Mo. The necessity to `tag' the initial 
avor of the observed
meson has major implications for the experiments and is discussed below.

In hadron machines, where the production does not take place in a well-
de�ned C-parity state, there are examples of processes which result in time-integrated
asymmetries.

If the two B-mesons are produced coherently, a more complicated analysis
must be done. In e+e� machines running at the �(4S), which is an odd C-parity
state, the time-integrated asymmetry disappears and a time-dependent study of
the asymmetry is required. The �(4S) is where the cross-section and signal-to-
background is most favorable and provides the motivation for `asymmetric energy
e+e� colliders', where the boost of the decaying B's in the lab permit one to carry
out a time dependent study.
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Figure 6: Weak decay diagram for a) B� ! DoK� and b) B� ! �DoK�.

Another approach to studying CP violation 9) goes beyond the measure-
ment of simple asymmetries and requires the measurement of a whole set of inter-
related decay rates. It represents a possible method for extracting sin 
. However,
it also represents a formidable challenge to design an experiment capable of doing
these measurements.

The method involves studying the decays of B mesons into the DoK and
�DoK �nal state. The kaon may be charged or neutral depending on whether one
is studying charged or neutral B decays. We consider the case of charged B decay.
Figure 6 shows two decay diagrams for

B� ! DoK� (15-a)

B� ! �DoK� (15-b)

The Do decays into many di�erent �nal states. Most of these are 
avor speci�c, for
example: Do ! K��+ or K��+���+. However, there are also 
avor non-speci�c
modes which can give rise to �nal states which are CP eigenstates. These include
the decays: K+K�, �+��, Ks�

o, K�o�o,(Ks�
o mode), Ks!, Ks�; �

0, Ks�, etc. The
CP eigenstates of the Do are called Do

1 and Do

2, for the CP=
+ 1 and the CP=� 1

state:

Do

1 = (Do + �Do)=
p
2 (16-a)

Do

2 = (Do � �Do)=
p
2 (16-b)

Since CP violation in charm decay is expected to be small, if one observes a
CP eigenstate of theDo, one is studying the decaysB� ! Do

1K
� and B� ! Do

2K
�.

From the de�nition of Do

1 and D
o

2, it is clear that the B decay amplitudes
will be related as follows:

A�
1 (B

� ! Do

1K
�) = [A(B� ! DoK�) + �A(B� ! �DoK�)]=

p
2 (17-a)

A+
1 (B

+ ! Do

1K
+) = [A(B+ ! �DoK+) + �A(B+ ! DoK+)]=

p
2 (17-b)

Then, the amplitude of the B decays to CP eigenstates of the Do is seen
to involve both diagrams of �gure 6. Moreover, the �nal state interactions of DoK�

and �DoK� are di�erent and can have di�erent �nal state phases. We de�ne � to be
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Figure 7: Amplitude triangles relating the decays B� ! DoK�, B� ! �DoK�, and
B� ! Do

1K
� and the complex conjugate set of three decays.

the relative �nal state phase shift. This process then satis�es all the requirements
for it to exhibit Direct CP violation, as discussed above. The CKM term involved in
the interference of these two diagrams is V �

ub
VcsV

�
cb
Vus which is clearly proportional

to sin 
. An observation of an asymmetry in the decays Do

1K
� and Do

1K
+ would be

evidence for direct CP violation but it would still be impossible, from the asymmetry
measurement alone, to separate sin 
 from the strong phase shift.

However, if we consider the whole set of three processes and their conju-
gates, the above relations among the three amplitudes can be written (using the
CP=+ 1 state as an example) as

p
2A�

1 (B
� ! Do

1K
�) = A+ �A expi(�+
) (18-a)p

2A+
1 (B

+ ! Do

1K
+) = A+ �A expi(��
) (18-b)

Here, we have used the fact that the CP invariance of the strong interactions makes
the amplitudes DoK� and �DoK+ equal. We call A the amplitude for this diagram
and we set its phase to zero. CP invariance also requires the strong phase shifts to
be equal. Similarly, the amplitudes into DoK+ and �DoK� are equal. We call this
amplitude �A. We de�ne � to be the relative strong phase shift between the two �nal
states. The weak phase is just 
 from the CKM triangle. The weak phase changes
sign between the B� and B+ decay.

The resulting triangle relation for the B� and a similar one for the B+ are
shown in �gure 7. The amplitudesA and �A can be measured fromDK decays where
the D or �D decays to 
avor-speci�c states such as K� or K3�. The amplitudes A+

1

and A�
1 are obtained from the decay rates of the the B� into K� and neutral D's

where the D is observed through one of the modes that are CP even, listed above.
(Of course, the same formalism applies to the CP odd states of the Do.) The strong
phase shift does not change sign under CP transformation but the weak phase 
 does.
If the strong phase shift is non-zero the direct CP asymmetry mentioned above is
produced. If the rates of all four (or six) decays are measured, the two equations
permit one to solve for the two remaining phases, 
 and �. (Actually, the phases
can only be determined up to a four-fold sign ambiguity, but other information on
the CKM matrix can be brought to bear to eliminate that ambiguity.) The extra
measurements allow one to disentangle the weak and strong phases!



If the strong phase shift turns out to be small, then the two rates would
approach equality, the two triangles would become congruent, and the asymmetry
would, of course, vanish. However, an amazing bonus is obtained by measuring

all these rates. There is still a triangle and the angle is now determined solely
by the weak phase! So, by measuring this collection of rates, one can measure sin 

whether there are strong interaction a�ects or not. In fact, one of the reasons why
this method was �rst investigated was that there was concern that strong phase shifts
in B decays might turn out to be too small to produce detectable asymmetries.

While this method is very powerful, it is also very di�cult to carry out. At
least one of the modes, B� ! �DoK�, has a very small branching fraction because
it is both CKM and color suppressed. Moreover, one must reconstruct the D-
meson and only a small fraction of all D decays are easy to reconstruct with good
e�ciency and low background contamination. Good vertexing and good particle
identi�cation are required. The branching fraction to all the various CP eigenstate
modes put together is quite small and their reconstruction often involves particle
identi�cation or neutrals reconstruction (�o and/or Ks). Also, the topology requires
the isolation of two body secondary vertices, one track of which is a D which must
be reconstructed from a tertiary vertex and traced back to the B vertex. Because
of these conditions, the actual rate is low and the detection e�ciency is not going
to be high. One must therefore run at very high luminosities. The trigger is also
a big problem since there are no leptons in the �nal state to give one something
experimentally simple to use. Finally, theDK states must be di�erentiated from the
much more copious decays of the B to D� so again excellent particle identi�cation
is required.

Many other methods for studying CP violation in B decays have been
discussed in the literature. The three `scenarios' presented here are reasonably
representative of the various approaches, at least for the �bd and �bu system. There
are several interesting facts which emerge:

1. Indirect CP asymmetries in B decays, are much easier to connect to the pa-
rameters of the CKM matrix than direct CP asymmetries. Direct CP violation
involves strong interaction e�ects which cannot be calculated from �rst princi-
ples. Weak mixing, which takes the place of the strong phase shift in `indirect'
CP violation, is characterized by the single parameter �m=�, which is accu-
rately measured by many experiments.

2. There is an interesting result that large asymmetries appear only for �nal states
with small branching fractions. This places a real premium on producing a
large number of B's and reconstructing them with high e�ciency.

3. The theoretical interpretation of even some of the most promising and `simple'
decays is not straightforward. For example, the decay

Bo ! �+��

used to be viewed as the most promising way to measure sin 2�. However,
because the �� �nal state can be reached by both a spectator decay and a



`penguin decay', which brings in a di�erent CKM phase, the asymmetry does
not measure � but a combination of �, �, and 
. To eliminate this so-called
`penguin pollution' 10) and achieve a clean theoretical extraction of the CKM
parameters, one has to measure the decays

B0 ! �0�0; B+ ! �+�0

and then do an isospin decomposition of the amplitudes to separate out the
penguin contribution. This is not simple and one hopes that this particular
penguin amplitude will turn out to be small as many theorists expect.

4. Constraints on the CKM matrix can come from other than B decays. For
example, measurement of � in neutral K-meson decays, B0 � �B0 mixing, and
Vub already provide some constraints on the size of the CKM phase. Measure-
ments of CP violation in K decays, theoretical progress in extracting Vub from
semileptonic decay measurements, progress in measuring and/or calculating
quantities such as fB0 and BB, and knowledge of the Top quark mass, can all
help in improving our knowledge of CP violation. The various contours on
�gure 5 show the constraints that Bo mixing, �, and Vub place on our knowl-
edge of the values of � and �. The uncertainties on these quantities are not
always experimental. Theory limits the ability to extract both Vub and Vtd.
The constraints can be converted to limits on the angles �, �, and 
 as a
function of the allowed range of �, using the equations relating the sines of the
angles to � and �. These limits are shown below in �gures 8a,b,c. One sees
that existing data constrains sin 2� to be greater than about 0:3, sin 2� to be
between 1:0 and �0:5, and sin 
 to be between 1:0 and 0:45.

5. There are a variety of other ways, not discussed here, to study the CKM
matrix/unitarity triangle.

6. The angle 
 is very hard to measure. The method described above compares
the rates of 6 decays involvingD0's and Kmesons 11). This yields directly sin 
.
Some of these rates are very small and the states are di�cult to reconstruct
so the measurement will require high luminosity and a very e�cient detector.
While it is hoped that this di�cult measurement can in fact be accomplished,
a more modern, and perhaps realistic, view is that the CKM matrix will be
probed by a variety of measurements involving the study of both B decays
and kaon decays and that one hopes that one can measure enough of the sides
and angles to pin it down. It is hoped that ways will be found to ratio out
the strong phase shifts so that asymmetries observed from direct CP violation
in many modes and perhaps even in the decays of baryons can be brought to
bear on the problem.

7. One major reason for wanting to understand the role of the SM in producing
CP violation is to use this knowledge to search for NON-STANDARD model
CP violation. It is often noted that many new phenomena that are outside the
Standard Model can produce CP violation 12). In fact, this should encourage



studies in areas where the SM prediction for CP violation is SMALL to look
for unexpectedly large asymmetries. This would include searches for CP vio-
lation in charm decay and explicit searches in B-decays where the Standard
Model predicts very small asymmetries. Another approach which is much dis-
cussed 13), is to `overconstrain' the unitarity triangle. If the three angles, �,
�, and 
, did not add up the 180o, then this would be evidence for non-SM
physics. This obviously requires precision measurements of all three angles.

ALL OF THIS SUGGESTS A LONG CHALLENGING PROGRAM OF
MEASUREMENTS WHICH WILL TAKE MANY YEARS AND MAY TAKE UN-
EXPECTED TURNS.

2 What has to be measured and with what accuracy

The study of CP violation involves the measurement of asymmetries. The statistical
precision that can be obtained is obviously an important consideration in assessing
the capabilities of any experiment. There are several di�erent kinds of measurements
that can be made:

� Total (time integrated) asymmetries. These are measured in studies of direct
CP violation into charged modes or into 
avor speci�c neutral modes.

� Time integrated asymmetries with tagging. This kind of asymmetry is mea-
sured in the study of the indirect CP violation of the Bo decaying into 
avor
non-speci�c �nal states.

� Time dependent asymmetries with tagging. These can more convincingly es-
tablish our picture of indirect CP violation in 
avor non-speci�c modes for the
Bo. They are essential to the study of indirect CP violation in the Bs, where
the rapid oscillation wipes out any time integrated asymmetry.

While the number of events which is detected is obviously an important
consideration, it is neither easy to calculate nor is it the whole story. The number
of detected events depends on a careful understanding of all e�ciencies, including
the e�ects of all of the analysis cuts used to reduce backgrounds. Then, there
are several e�ects, commonly referred to as `dilution factors', which reduce the
statistical precision below the level one might naively expect just by considering the
total number of detected events. The calculation of the �nal precision of asymmetry
measurements, including the dilution factors, is examined in some detail in this
section.

If the probability of getting two states which de�ne the asymmetry (la-
belled + and �) is

P� = (1 � a)=2 (19)

then the accuracy obtained for the asymmetry a by observing N total decays is:

�a =

s
1 � a2

N
(20)
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.



For even rather large values of a, such as 0.5, it is a good approximation
to take

�a =
1p
N

(21)

2.1 E�ciency considerations

E�ciency plays an important role since ultimately it determines the number of
events, N, from which the asymmetry is measured. In addition to acceptance, re-
construction e�ciency, vertex �nding (primary and secondary), and perhaps particle
identi�cation for the B, the tagging e�ciency is a major consideration in the study
of indirect CP violation. Trigger e�ciency is also of great importance. The time
constraints imposed on the trigger, especially in hadron collider environments, fre-
quently compel one to accept only very simple event topologies { such as those
containing muons and/or electrons { which may greatly reduce event yields. As we
will see below, the various sources of ine�ciency in a hadron collider can accumulate
to reduce the sensitivity.

E�ciency is usually determined by detailed Monte Carlo simulations of
the detector. It is essential that the detector model be complete and that the full
analysis chain, with all cuts required to reduce background to acceptable levels, be
carried out. (The manner in which various backgrounds reduce the accuracy of an
asymmetrymeasurement is discussed below.) It is not unusual for high e�ciencies to
be claimed for a proposed experiment design simply because the analysis employed
at the simulation level is incomplete. We describe just a few frequently overlooked
vertexing cuts below.

2.1.1 Survival time and other cuts needed to reject background

Usually, one has to require that the B have a secondary vertex which is well-resolved
from the primary vertex to avoid large backgrounds of non-B events whose statistical

uctuations can easily overwhelm and mask the CP asymmetry. For this one needs
a good secondary vertex detector even if one can get away with a time-integrated
analysis. The asymmetry goes like a sine-wave and is small at low proper times
which is where the cut is going to occur. This is only true if the cut is less than a
mean lifetime. A typical requirement on the degree of detachment of a B candidate
vertex from the primary vertex needed to eliminate background is 5-10 �l where l
is the detachment distance and �l is its uncertainty, which comes from the vertex
detector's intrinsic resolution and multiple scattering. A typical value for the proper
time resolution for a forward detector at a hadron collider might be 0.05 picosec-
onds. A cut of 10 �l is therefore about 1/3 of a mean lifetime. The asymmetry
for the Bo is largest at � � 2 so this is not a big problem, at least in forward de-
tectors where multiple scattering is contributes little to the vertex resolution. The
ine�ciency introduced by this kind of cut is more serious in central detectors, where
multiple scattering degrades the vertex resolution with respect to that which could
be achieved just based on the pitch or strip width of the vertex detector. Moreover,
some �nal states, such as  Ks have relatively small backgrounds to start with so



the cuts can be relatively mild. Other �nal states, such as �+�� have much larger
backgrounds and one has to require greater signi�cance of detachment.

2.1.2 Other vertexing cuts

Additional cuts may be necessary to make sure that the tracks assigned to the B
candidate under study do not originate with other non-prompt decays in the event,
in particular from the other B decay. We have found that `pointback' cuts that
require the reconstructed B to point back to the interaction vertex are extremely
important to the analysis of the decay Bo ! �+��. It may also be important
to apply `non pointback ' cuts that require the individual particles comprising the
signal particle not be consistent with coming from the interaction vertex. All these
cuts can introduce ine�ciencies while improving the signal-to-background.

2.2 Dilution E�ects

In addition to e�ciency considerations, there are e�ects which reduce the sensitivity
below 1p

N
, which are commonly called `dilution' e�ects.

2.2.1 Dilution e�ects due to shape of time-dependence

The parameter one wants to measure, say sin 2�, appears as the amplitude, ACPV,
of a damped sinusoidal oscillation in proper time. The asymmetry builds from zero
at normalized proper time zero to a maximum at x� = �=2, which is about 2.20 for
the Bo. Thus, events near � = 0 really don't contribute to the measurement of the
asymmetry leading to a `dilution' of sensitivity. This is the unavoidable consequence
of deriving the amplitude of the oscillation from the measured asymmetry. The size
of the dilution depends on whether one measures an integrated asymmetry or �ts
the detailed time distributions.

If one integrates equation 10-a and 10-b to get the asymmetry for `indirect'
CP violation over all times, one gets

Asym
t�int = ACPV � x

1 + x2
= ACPV �Dt�int (22)

The error on the ACPV determined from the time-integrated asymmetry will there-
fore be

�ACPV;t�int =
1

Dt�int

p
N

(23)

The quantity Dt�int has a value of about 0.47 for Bo where x = �m=� is � 0:7.
One might ask how much better one does with a �t to the full time-

dependent distribution. The answer is not much! The factor goes to around
Dt�dep = 0:53.

That you should do worse by integrating the asymmetry is easy to un-
derstand. The asymmetry goes like a damped sine-wave. As you integrate out in
time, the asymmetry �rst increases, then decreases as the damped negative lobe of
the sine-wave kicks in and so on. The loss of information in using the integrated



asymmetry obviously has to reduce the precision. It is also clear that one should
NOT expect a big gain for the Bo by using a detailed �t to the full time distri-
bution. The �t mainly accounts for the sign reversal that occurs when x� exceeds
�. Since the relative number of events at such large proper times is already very
small, there is only a small advantage to correctly accounting for the inversion as the
time-dependent �t does. However, in the case of the Bs, where the oscillation pe-
riod is small compared to the lifetime, successive oscillations will very nearly cancel
each other and the integrated asymmetry will be small. For large x, the Dt�int goes
like 1=x, so that the time-integrated method will not work for studying indirect CP
violation in the Bs where experiment tells us that xs > 9. The time dependent �t
is much more e�ective when the oscillation period is rapid compared to the lifetime
because it correctly accounts for all the sign reversals and therefore takes advantage
of the full statistics.

Some of these points are illustrated in the �gure 9a, which shows a sim-
ulated time distribution with ACPV = 0:3. This is for a `mini-Monte Carlo' of 1
million events, something which you will not see soon in real data! The number of
events in each bin is �t to the full expression assuming statistical errors only. Next
we did 500 `mini-Monte Carlo' experiments each of 2000 events. The resulting av-
erage asymmetry and error is shown in �gure 9b. The dilution factor is determined
from the distribution of errors on the amplitude coming from the �ts and turns out
to be 0:53 in good agreement with that obtained by analytical methods. In the
following error analyses, we use the time-integrated formula, which is never too far
o� the actual situation for the Bo.

2.2.2 Tagging Dilution E�ects

Tagging is a critical element of the study of `indirect CP violation'. Studies of 
avor
non-speci�c states require a `tag' to split the sample into decays that originated
from a B meson and those that originated from a �B meson.

The most discussed tagging strategy tries to determine the 
avor of the the
`away side B', the one produced opposite to the observed decay mode of interest,
the `signal B', to pin down the 
avor of the signal B at the time of its production.
Away-side tagging can be quite ine�cient. If, for example, one could only use the
sign of away-side muons for a tag, one would immediately have a maximum tagging
e�ciency of about 10% just from the semi-leptonic branching fraction and the ef-
�ciency is further lowered due to geometric acceptance and minimum momentum
requirements imposed by the muon detector and the need to avoid misidenti�cation
from decays.

A false tag does two things: �rst it shifts the observed asymmetry to
a value below that of the actual one; and second, because of that, it dilutes the
CP sensitivity. Either it puts something in a sample that doesn't belong there, or
worse, moves something from one sample to the other. It is important in extracting
ACPV to measure the mistagging e�ects (or calculate them in a very convincing
fashion) so that one can correct the observed asymmetry. However accurately one
can accomplish that, the reduction in statistical accuracy remains because of the



Figure 9: a) Time dependence for an ACPV of 0.3 for a total of 1 million events.
The X-axis is � . The two curves are for the Bo and the �Bo; b) Results for 500
experiments of average of 2000 events each. The X-axis is the �tted value of ACPV.



statistical 
uctuations of the mistags.
Several other tagging strategies have been proposed. Some of these are

discussed below. Each tagging strategy brings with it its own dilution and e�ciency
factor which must be carefully understood to evaluate the power of the tag and its
e�ect on the �nal experimental sensitivity.

Tagging Dilution E�ects: Away-side mixing:

If the away side is used to tag the 
avor of the reconstructed B, there is
an inevitable dilution since the away side B, if it is neutral, can mix before it decays
therefore moving the event into the wrong sample for the asymmetry. This leads to
a dilution of

Dmix = (1 � 2Wmix) (24)

and a modi�cation of the asymmetry:

Asymobs = Dmix � Asymtrue�CP (25)

Wmix is determined from the integrated probability for the away side neu-
tral meson to mix with parameter x:

P (Bo

d;s
! �Bo

d;s
) =

x2
d;s

2(1 + x2
d;s
)

(26)

Since the away side can contain Bo's and at hadron machines also B+'s,
B-baryons of all kinds, and Bs's, an average dilution using production ratios (based
on models) must be performed, giving

Dmix = p(B+) + p(Bo)� 1

1 + x2
d

+ p(Bs)�
1

1 + x2
s

+ p(B � baryons) (27)

Here, the p's are the production fractions determined (currently) from models of
b-quark production and fragmentation. The B+ and the �b's, which models say
constitute approximately 40% and 10%, respectively, of the away side tags, don't
mix at all. Approximately 40% of the away side B 0's are Bo's, which mix at a well-
measured level of about 16%, and the remaining 10% of the away side B's are Bs's,
which are perfectly mixed.

The �nal value of the dilution from away side mixing at hadron colliders
is:

Dmix � 0:75

This dilution e�ect is more or less unavoidable unless `same side' correla-
tions can be used for tagging.



2.2.3 Other Tagging Dilution E�ects:

If muons on the away side are used as a tag, there is always the possibility of getting
a false muon from decay in 
ight or punchthrough or inadvertently picking up a
muon from a cascade charm decay. If electrons are used, fakes and cascades are also
a problem. Finally, if charged kaons are used as a tag, false tags may also be the
result of misidenti�cation or the known background from wrong-sign kaons which
do occur in B decays. These produce a dilution factor of

Dmisid = (1 � 2Wmisid) (28)

Additional cuts can sometimes help to reduce tagging dilution. Tagging
misidenti�cation due to cascade decay results when the muon used to tag the away
side decay comes not from the original B meson, but from a charm daughter of the
B meson. For example, the decay chain

B+ ! �D + X (29)
�D ! �� + X

gives a wrong sign �. Since almost all B-decays contain a charmed particle, and the
charmed particle inclusive semi-leptonic decay is around 10%, it is clear that this can
result in a false tag background that is at the same level of the true semileptonicB-
decay signal. For most experiments, this source of mistagging is larger than decay
in 
ight or hadronic punchthrough. To reduce the `cascade mistag dilution', one
resorts to various momentumcuts because the lepton from the cascade charm vertex
is usually quite a bit softer that the momentum of a lepton from a true semileptonic
B-decay. This reduces the mistagging while at the same time reducing, usually
signi�cantly, the tagging e�ciency.

Wmisid is usually obtained from a detailed Monte Carlo study including
many types of background. It also causes a reduction in the observed asymmetry
from the true asymmetry. The value of Wmisid must be known accurately to correct
the observed asymmetry:

Asymobs = Dmix � Dmisid � Asymtrue�CP (30)

2.2.4 The e�ect of time resolution and starting time

The kinds of time resolution which one envisions achieving are so good that they
won't a�ect the shape of the time distribution in a way that hurts the sensitivity of
the time-dependent study of the Bo; However, the Bs is an entirely di�erent story.
Its oscillation is very rapid and excellent resolution will be needed to study Bs

mixing. The integrated CP asymmetries go like 1
xs
, so very di�cult time dependent

studies, requiring excellent resolution, are always required to study CP violation in
the Bs. This results in a further reduction of statistical power for any given number
of signal events.

One �nal set of corrections also has to be included for time integrated stud-
ies. Above, we mentioned that various vertexing cuts had to be applied to eliminate



backgrounds under the signal peaks and we considered them to be associated with
the e�ciency calculation. However, they do introduce a small o�set in the e�ective
starting time of the integral. Any cut which alters the limits of the `integration'
carried out in the measurement must be taken into account in relating the observed
asymmetry to the actual asymmetry due to CP violation. We have argued above
that under most circumstances, this will result in only a small correction.

We will call any e�ects that are tied to the time resolution or start time
that need to be included in the calculation of the accuracy of the experimentDt�res.

2.3 E�ects of background under the signal

This is a very big issue. If the number of signal events is S but the number of
background events is B, then the `e�ective' number of events Neff is:

Neff = N � S

S + B
(31)

This is due to the possibility of a 
uctuation in the background enhancing or reducing
an asymmetry. So, for a signal to background of 1 : 1, you have to take twice as many
events as in the ideal `no background' case. This is often neglected in calculations
of sensitivity. It is potentially very serious for `hard states' such as Bo ! ��. It
emphasizes the importance of good secondary vertexing to clean up signals, and
excellent mass resolution and good particle ID to avoid contamination from other
decay modes. This problem is frequently neglected in assessments of experiment
sensitivity.

2.4 Calculation of the Total Sensitivity

Rolling all these considerations up, the error on the asymmetry amplitude, ACPV,
is given by the formula

�(ACPV ) =
1

D �
p
N � ��BR

(32)

where

N is the e�ective number of produced B's of the parent species of interest (in
most cases, Bo's);

BR is the Branching fraction into the �nal state of interest;

� is the overall e�ciency including the tag and including any time or detachment
cuts; and

D is the `dilution factor' which includes the e�ect of integration (or shape depen-
dence if a time dependent analysis is used), away side mixing, muon misiden-
ti�cation, and other problems, which result in mistakes in the tagging. this
can be written

D = Dt�int �Dt�res �Dmix �Dmistag



This is for the idealized case of NO BACKGROUND under the signal. If
there is signi�cant background, then one must replace N by `Neff ' where

Neff = N � S

S +B
(33)

where S is the number of true signal events and B is the number of background
events.

This has been represented on a log plot by rewriting this as follows:

ln(
1

�(ACPV )
) = 0:5� lnN � j0:5� ln �j � j0:5 � lnBrj � j lnDj

which uses the fact that N is greater than 1 whereas �, Br, and D are less than 1.
The large number of e�ciency and dilution factors, each hard to predict

and ultimately to measure, makes the estimation of the uncertainty very sensitive
to optimism or { stated di�erently { not very robust.

A typical calculation of sensitivity to sin 2� is shown in table 1. The exer-
cise is done for the Tevatron Collider running at 1032 luminosity for a Snowmass year
of 107 seconds. The measurement is based on the integrated asymmetry in tagged
Bo !  Ks decays. Muon tagging on the away side is assumed. The e�ciencies are
estimates based on what is believed to be possible in a forward geometry B detector.
It is an estimate only - not the result of a detailed Monte Carlo.

It can be seen that despite the large number of B's initially produced, the
�nal sensitivity is only moderately good, giving a � sin 2� of 0.07 in one year. Use of
other tagging techniques in conjunction with muon tagging ought to reduce this to
0.05 in one year. This is certainly a good measurement but, with the large number
of uncertainties, an actual experiment might easily fall far short of this.

It is important to note that the estimates given in the table depend on
average reconstruction e�ciency per track, including the e�ects of acceptance, to
the 5th power, the overall signal-to-background, the muon identi�cation e�ciency
and background, the time resolution and the e�ects of all analysis cuts. Optimism
in estimating all these e�ects can seriously mislead one concerning the sensitivity
which is actually achievable.

3 The place of future hadron collider B experiments in the worldwide

e�ort to study the b-quark

Above, we listed several experiments in progress or imminent which will make great
strides in understanding the physics of b-quarks. Each experiment will contribute
much to our knowledge of b-physics and there is a reasonable expectation that CP
violation will be detected in one or more of them.

So, is there any role for dedicated B experiments at hadron colliders such
as FNAL and LHC, which will come on after these experiments have taken a great
deal of data?

I hope I have convinced you so far that the number of physics issues is
quite large and that the desired statistical precision will be di�cult to achieve.



Table 1: Sensitivity Calculation for Observing a CP asymmetry in B !  Ks

CM energy 2 TeV
Cross section 50 �b
Luminosity 1032

NBd
/`Snowmass' year 3:75 � 1010

Br(Bd !  K0) 5:5� 10�4

Br(Bd !  (�+��)Ks(�+��)) 2:2� 10�5

N(Bd ! ����)/year 8:2 � 105

semi-leptonic decay of away side tag 0.10
Tagged N(Bd ! ����)/year 8:2 � 104

triggering e�ciency 0.8
reconstruction e�ciency for 0.25
muon in tagged event
reconstruction e�ciency for 0.25
���� tracks
Vertex �nding e�ciency 0.9
Cleanup analysis cuts 0.7
Dilution factors:
Shape Dependence Dt�int 0.47
muon away side mix 0.75
muon misid 0.9
(cascade,�,k decay)
Time resolution and cuts 0.95
Background 0.95
Total sensitivity: 0.07



Table 2: Luminosity assumptions, cross sections,rates of produced B's
facility luminosity B � �B luminosity B � �B pairs

cross per year per year
section

CESR/CLEO 2 � 1032 1:2nb 2.5fb�1 3:0� 106

(�(4S))
LEP 1:6 � 1031 7:0nb 0.16fb�1 1:0� 106

FNAL (CDF/D0) 1 � 1031 50�b 0.1fb�1 5� 109

e+e� B-FACTORY 3 � 1033 1:15nb 30fb�1 3� 107

(�(4S))
e+e� B-FACTORY 3 � 1033 0:1nb 30fb�1 3� 106

(�(5S)! Bs
�Bs)

FNAL MI 1032 50�b 1.0fb�1 5� 1010

3.1 The Opportunity

The main selling point for hadron colliders is the large B cross section and the ability
to achieve very high luminosities:

1. The Tevatron Collider, running at a luminosity of 1032 produces � 5 � 1010

b-pairs/`Snowmass year'. This is to be compared with � 3 � 107 at an e+e�

symmetric or asymmetric B factory running on the �(4S) at a (design) lumi-
nosity of 3� 1033;

2. The Tevatron Collider constitutes a `Broadband, High Luminosity B Fac-

tory', which simultaneously provides access to B physics for Bd and Bu, Bs,
B-baryon, and Bc states. This permits the kind of comprehensive attack on
B-physics issues that is needed;

3. Plans are beginning to take shape to increase the Luminosity of the Tevatron
to 1033 although not all of it may be useful since the experiment may be rate
limited;

4. The cross sections at the LHC are higher than those at the Tevatron by at
least a factor of 5 and the luminosity should not limit the sensitivity of the
experiment in any way.

One major issue is the total number of B's produced per unit time. Ap-
proximate numbers for various machines are shown in table 2.

It is clear that hadron colliders o�er by far the highest number of produced
B's. However,this is not the whole story. Overall e�ciency, including tagging, and
`cleanliness' are likely to be much higher at e+e� facilities. In particular, e+e�

machines running at the �(4s) provide a very large set of constraints { basically
the energy of each B is known and nothing else accompanies them { so that many
di�erent tagging techniques are e�ective, many forms of background are suppressed,
and many tricks can be used to achieve further background rejection.



3.2 The Challenge:

The prices of the high rate and `inclusivity' o�ered by the hadron colliders are:

� The B events are accompanied by a very high rate of background events;

� Even in the B events of interest, there is a complicated underlying event and
one does not have available the stringent constraints that one has by running
on the �(4S) at an e+e� collider;

� The B's are produced over a very large momentum and angle range.

These lead to questions about the overall triggering e�ciency, tagging ef-
�ciency, reconstruction e�ciency, and background rejection achievable at a hadron
collider. These questions must be answered to convince people that B physics at
the sensitivity required for CP violation studies can be done at the Tevatron or the
LHC.

It should be noted that the big edge in luminosity at hadron colliders
means that the experiments do not have to be as e�cient as e+e� experiments to be
competitive. If they were only 1% as e�cient, they would still have a big advantage
in statistics.

3.3 Accomplishments of CDF so far { an outsider's view

CDF's success in reconstructing Bo, B+, and Bs and measuring lifetimes with its
silicon vertex detector is the critical breakthrough `happening' that convinces people,
even some e+e� proponents, that this physics can be done at a hadron collider 14).

The observation of the Bs, and possibly other higher mass states, elo-
quently makes the point about the broadband nature of the physics reach. For all
their years of work in B physics, ARGUS and CLEO never observed a Bs, nor could
they have since they usually ran below threshold for its production.

These triumphs are tempered by the fact that overall e�ciency is not very
good and big improvementsmust be made before the kind of comprehensive program
I've discussed can become a reality.

4 Key Issues/Technologies for a Hadron Collider B Experiment

In order to meet these challenges, hadron collider experiments must have the fol-
lowing characteristics:

� Excellent vertex resolution { to get clean signal to background by requiring
detachment between the B vertex and the primary vertex and to measure time
dependence to see the non-exponential behavior to study indirect CP violation
and Bs mixing;

� Excellent mass resolution to achieve good signal to background;



� Excellent particle identi�cation to separate decay modes such as ���+ from
K��+ and K+K� which cannot easily be di�erentiated by mass analysis.
Particle identi�cation is also necessary for kaon 
avor tagging.

� Excellent lepton identi�cation for 
avor tagging, for the study of semi-leptonic
decays, and for the study of rare decays such as Bo ! �+��, K l+l�, � l+l�,
etc;

� Excellent photon reconstruction capabilities to detect rare decays such as K�


or �
;

� Excellent triggering capability to make sure that the important events reach
the �nal analysis, deadtimes stay small to preserve full sensitivity, etc;

� Rate capability so that all components can deal with radiation backgrounds
and high occupancies without loss of e�ciency.

All of these issues can be related back to the rather merciless requirements
of the sensitivity analysis of the previous section.

4.1 Kinematic Considerations for Hadron Collider B Experiments

The B-meson production cross section is substantial in the pseudorapidity interval
from +3 to �3 at the Tevatron. The momentum of the particles which must be
detected vary greatly { from a hundred MeV/c or so to many 10's of GeV/c. It is
much too di�cult and expensive to cover this whole kinematic range with the high
quality detectors needed to do this physics.

Because the cross section is spread over a large interval in rapidity, it
is possible to de�ne several di�erent detectors which cover part of the available
kinematic region and include a reasonable part of the B cross section.

These include:

� Central solenoidal detectors equipped with barrel silicon trackers like CDF or
the upgraded D0;

� Forward spectrometers with planar silicon vertex detectors positioned very
close to the beams. This type of detector has been pursued vigorously by
Peter Schlein 15);

� Central dipoles which sit right on the interaction region and which are equipped
with planar detectors close to the beams. These give large acceptance and good
tracking except in the direction along the �eld. These systems may be em-
bellished by additional dipoles to improve coverage of the forward kinematic
regions; and

� Many other ideas.



Figure 10: B yield vs B rapidity

Each type of detector is best suited to cover a particular part of the ac-
ceptance because the CHARACTERISTICS of the events vary dramatically as a
function of �.

Figure 10 shows the B yield vs the B rapidity based on Pythia. To get
a sense of the rapid variation of the kinematics with rapidity, �gure 11 shows the
momentum of the B meson and its �
 as a function of B rapidity. The average
values of �
 and momentum vary greatly with rapidity. The detachment pathlength
is therefore also varying greatly. Also, the di�erent momenta spectra mean multiple
scattering will a�ect the resolutions di�erently, will place di�erent requirements on
the ability to resolve closely aligned tracks, will require di�erent kinds of particle
identi�cation and lepton identi�cation, etc.

The key question that needs to be answered in a clear, objective fashion
is what kind of detector con�guration gives the best e�ciency and results an ex-
periment which can be sensitive to a whole range of B physics issues, especially the
many aspects of CP violation, some of which were discussed above.

5 Studies of Forward and Central Geometries

A `fast' Monte Carlo program, called MCFAST, has been written which is capable
of handling all these geometries in a uniform manner. It is interfaced to a variety
of event generators through a library of standard routines. Several geometries have
now been implemented including the current CDF geometry, the proposed CDF
upgrade, the proposed D0 upgrade, the existing E687 forward spectrometer, the
proposed LHC-B detector, and various ideas for a dedicated B detector that would



Figure 11: � � 
 vs rapidity for B mesons

be suitable for the Tevatron. The program has the ability to mix arbitrary sets
of physics states together (for example, B's, charm, and minimum bias) and to
generate more than one track per crossing. The program includes decays in 
ight,
multiple scattering, photon conversions, detector ine�ciencies, etc.

The program is still in the validation stage but has been compared to
several `toy' spectrometers, the GEANT results on the upgraded D0 detector, and
to the actual performance of the E687 spectrometer. The program now seems to
give reasonable agreement with these benchmarks.

The program contains a vertex �tting package based on the CLEO vertex-
ing package.

A scheme is being developed to translate the input to MCFAST into a
geometry for GEANT so that a more detailed simulation can be done on the most
promising detector con�guration(s). An output dataset can be written for subse-
quent analysis.

Using MCFAST, we have begun to study two �nal states, Bo !  Ks

and Bo ! �+��, for a solenoidal geometry with a vertex detector which is our
approximation of the present version of the CDF detector. The latter mode will be
discussed since it represents a di�cult state for the approved round of experiments
and, even if an asymmetry is observed by them, there will still be a need to improve
the precision on the time scale of possible dedicated B hadron collider experiments.

Figure 12a shows the invariant mass plot for pion pairs from a Monte Carlo
sample of 6000 events each of which had a Bo ! �+�� with the away side having B
mesons and baryons of all types decaying generically. In this plot, there are no vertex
cuts. Note the excellent mass resolution and that there is some random background.



Figure 12: �+�� invariant mass distribution reconstructed from a) a 6000 event
sample where each event contains a Bo ! �� combination and b) a 6000 event
sample of generic b� �b decays.

Figure 12b shows the background distribution obtained from 6000 events where all
kinds of B and �B hadrons are produced and allowed to decay generically. Note the
level of background is not negligible and consider that the background histogram
must be `weighted' up by a factor of more than 105 to re
ect the true situation due
to the small �� branching fraction. It is clear that the signal would be completely
buried.

Now one considers the background rejection obtained by requiring the ver-
tex of the �� combination to be displaced or detached from the main interaction
vertex. Figure 13 shows the normalized impact parameter resolution for each pion.
The fact that this comes out to be very close to unity gives us con�dence in our
vertexing techniques. Figure 14 shows the �2 for the �tted B vertex. It has a mean
value very close to one which is expected for a one degree of freedom �t. The two
plots in �gure 15 show what happens when a vertex cut of lperp=�(lperp) > 4 is ap-
plied. The background has certainly been reduced but at a large cost in e�ciency.
It turns out to be pointless to push this cut much farther. If the background is
properly adjusted to re
ect branching fractions, the signal is still hopelessly lost in
the background. Our studies show that background from `minimum bias' (or as a
variant low Pt QCD jet events) is small compared to that due to `generic B-events'.
We have not yet looked at the background from charm events but expect it to be
small.

The situation emerging in these plots is not very encouraging. However, it
is clear that the setup we are modelling has a vertex detector which basically operates



Figure 13: Normalized impact parameter distribution for pions coming from a Bo !
�� combination a) X impact parameter and b) Y impact parameter.

in two dimensions. For a two body state, this is a particularly bad situation because
any two tracks are likely to verticize someplace and many will give a reasonable
l=�. Other requirements, such as asking for the Bo candidate to point back to the
interaction vertex will certainly reduce the background. However, it is likely that a
big improvement could be obtained with a three-dimensional vertex detector. For
just these reasons, CDF and D0 are implementing three dimensional detectors as
part of the upgrade for the next run. We are in the process of modelling these
detectors to see what the e�ciency and background rejection will be. 2

It is highly signi�cant that the background in this state comes from generic
B events and not some other source.

Advocates of forward geometries argue that the longer decay length and
the lower multiple scattering will result in signi�cantly higher background rejection
while preserving good e�ciency. This remains to be proven and we plan to undertake
this study as soon as we complete the validation of our forward tracking.

Further plans call for a detailed study of a series of benchmark states
including detailed calculations of backgrounds from

� Typical events { minimum bias, QCD;

� Charm events;

2Studies completed soon after LISHEP indicate that the point back cut is e�ective. Studies on

an upgraded `CDF-like' detector indicate that signal-to-backgrounds of order 1 : 1 can be achieved

although with a non-negligible loss of e�ciency. These new results are based on 40,000 signal

events and 300,000 background events. These studies are continuing.



Figure 14: �2 for �tted �+�� track combinations from B0 ! �+��.

� `Generic' B events (which might be the most troublesome sources of back-
ground).

In addition, the simulation package will also be used to study the ability of each
detector to measure Bs mixing. This is a very di�cult measurement, perhaps even
more di�cult than the observation of CP violation. It places great stress on the
vertex detector to achieve excellent proper time resolution.

Assuming geometries can be found which get enough rejection to make the
extraction of signals possible, many thousands of signal events and tens of millions
of background events will need to be generated to get an accurate picture of the true
sensitivity. To do a complete job, other types of detectors will need to be added to
MCFAST{ most importantly particle identi�ers and electromagnetic calorimeters.

6 Tagging

Achieving high tagging e�ciency is especially important and challenging in a hadron
collider which lacks the cleanliness and tight constraints of an e+e� environment.
In an e+e� collider running at the �(4S), a large fraction of the events are Bo �Bo or
B+B� and the momentum of each B is essentially a constant and can be used as a
constraint. The situation in a hadron collider is much more complicated.

Many away-side tagging schemes have been proposed:

� The `classic' away-side muon (sign) tag;

� The closely related electron (sign) tag;

� Charged kaon tag;

� K� tag;



Figure 15: �+�� invariant mass distribution with a cut of lperp=�(lperp) > 4 re-
constructed from a) a 6000 event sample where each event contains a Bo ! ��

combination and b) a 6000 event sample of generic b� �b decays.

� Charm tag (Do, D�o, �c, etc); and

� Baryon (�) tags.

In addition, there have been proposals to use B��'s or same side charge
correlations which result from the fragmentation process to enhance the fraction of
events tagged.

To fully exploit such tags, most of which are purely hadronic in nature (i.e.
no leptons) when the reconstructed state also contains no leptons, as in Bo ! �+��,
one needs triggers which go beyond the time-honored muon (or electron) trigger.

While many of these tagging schemes appear promising, each must be
carefully evaluated for its e�ciency and the associated `dilution factors'.

7 Triggering

The classic trigger which people have implemented in colliders is a muon trigger.
This is perfectly suitable for B decays to J= . Since the decay mode itself can
provide the trigger particles, it is even possible to use non-leptonic away side tags.

However, as soon as one becomes interested in all-hadronic decay modes
and hadronic tags, such as kaon tags, one has a major triggering problem. This
provides one of the major challenges for hadron collider B physics. Interaction rates
will be at the level of 107/second and B rates at the level of 104/second.



Figure 16: Vertex geometry used in Trigger Study

The most aggressive strategy one can pursue is to employ a Level I sec-
ondary vertex or impact parameter trigger. The trigger would have to be massively
parallel and use many thousands of computing elements. A picture of a vertex de-
tector located in a dipole �eld is shown in �gure 16. A schematic of a trigger system
that would work in conjunction with such a detector is shown in �gure 17.

It is very clear that if one contemplates something like this, one must
design the experiment in an integrated way { in other words, the the choice of
detector con�guration must be based on facilitating such a trigger.

Over the next year, we will pursue the strategy of evaluating several ge-
ometries and trigger schemes and will add particle identi�cation and calorimetry
to MCFAST's repertoire. In addition, we will begin modelling the most promising
geometries with GEANT.

We hope also to begin a testbeam program to start to answer the technical
questions raised by our studies.

8 Prospects for the Future and Conclusions

We repeat here some of the key questions that must be answered to predict the
capability of a hadron collider dedicated B experiment:

� overall triggering e�ciency: what is it and how does it hold up with rate?
What physics is accepted by the trigger and what is abandoned at the each
level?

� tagging e�ciency. How many approaches can be incorporated to improve the
tagging e�ciency? What is the `dilution factor' accompanying each?
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� reconstruction e�ciency: what survives when real analysis cuts are applied?
What signal-to-background is achieved? What proper time resolution is really
achieved?

� Physics `scope': a truly comprehensive program must be able to do the `hard
�nal states', which requires:

1. particle identi�cation; and

2. neutrals detections

How well can these be implemented in a hadron collider environment?

� the background rejection: How bad is the the sensitivity reduction due to
various backgrounds?

� Rate capability:

1. What is the ability to handle very high occupancy while retaining e�-
ciency and rejection power? Can an experiment that depends so heavily
on tracking and triggering handle more than one interaction/crossing?

2. How serious are machine backgrounds to the trigger and to the �nal
analysis?

3. Can the proposed detector survive the radiation environment without
severe degradation?

In the course of this discussion, I have made the following points: that CP
violation in the decays of B hadrons is a rich, complex, and subtle topic; that it
requires a large number of high precision measurements to do it justice; that even
an optimistic assessment of the prospects of the approved `worldwide' program tells
us that there will much left undone when it reaches its asymptote; and that ded-
icated experiments at hadron colliders will o�er the best opportunity to advance
the program after the initial round of experiments. Further, I have emphasized the
di�culty of actually designing a dedicated B hadron collider experiment that can
achieve the goals appropriate to the second generation CP violation experiments
and have argued that it will take a real tour de force of detector, triggering, and
data acquisition technology. Progress in heavy quark physics at hadron machines
has always depended on developing and deploying new technologies While all these
represent formidable challenges, it is my belief that e+e� machines and other cur-
rently approved programs will not achieve enough precision or have enough scope to
completely satisfy our curiosity about CP violation in the B sector. Hadron colliders
are the next frontier for this kind of B physics!
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